Background. Neisseria meningitidis is the cause of meningococcal bacteremia and meningitis, and nasopharyngeal colonization with this pathogen is common. The incidence of invasive disease is highest in infants, whereas adolescents more often are carriers. Altered regulation or dysfunction of the innate immune system may predispose to invasive meningococcal disease (IMD). In this study, we investigated the effect of genetic variation in the mannose-binding lectin gene, MBL2, and its promoter on susceptibility to IMD and IMD-associated mortality among children.
epidemic potential, disease burden in children and young adults, and potential for severe clinical manifestations, such as meningitis and sepsis [1] . Carriage prevalence increases with age, from 0.71% in infants and toddlers under the age of 4 years [1] to 25% in children aged 5-19 years [2] and up to 33% in young adults aged 18-26 years [3] . Thereafter, the prevalence declines steadily with age [2] .
In a small proportion of carriers, colonization leads to invasive disease. However, the mechanisms remain incompletely understood but are probably a combination of bacterial virulence factors, environmental conditions, and host susceptibility [1] . The severity of a meningococcal infection ranges from bacteremia with mild symptoms to meningococcal meningitis associated with 5%-10% mortality and to fulminant meningococcal sepsis, characterized by septic shock and disseminated intravascular coagulation with thrombotic lesions in multiple organ systems and up to 40% mortality [4] .
Differences in host susceptibility to IMD are at least partly determined by genetic factors in the host [4] , but the exact role of each component remains to be elucidated [5] .
Mannose-binding lectin (MBL) is the central molecule of the lectin pathway of complement activation [6] . Mannose-binding lectin binds the meningococci and targets membrane proteins such as opA and porB [7] . Mannose-binding lectin stimulates phagocytosis of the bacteria by neutrophils, macrophages, and monocytes, increases the effectiveness of the host's neutralization of the pathogen, and regulates the immune response by reducing production of proinflammatory cytokines [8] .
Mannose-binding lectin deficiency is a relatively common phenomenon, and in a Caucasian population the expected prevalence of MBL deficiency is approximately 5% [9, 10] . Although it has been linked to increased susceptibility to certain infectious diseases [8] , the vast majority of individuals with MBL deficiency seems to be unaffected [10] . Its precise role and importance is under discussion in the context of meningococcal disease [6, 11, 12] . Previous studies have described that children under the age of 2 years with MBL deficiency may be at an age-dependent increased risk for infections [12, 13] . We studied the associations between (1) MBL deficiency and meningococcal meningitis or bacteremia and (2) mortality in a large pediatric case-control study.
PATIENTS AND METHODS

Study Population
We conducted the research as a nationwide study in Denmark within a population of approximately 5.5 million inhabitants. The unique 10-digit identification number provided for all residents in Denmark through the Danish Civil Registration System (CRS) allowed linkage of data between the different registries. Through the registries at the Danish National Neisseria and Streptococcus Reference Center, Statens Serum Institute (SSI), we identified all children born in the period 1982-2006 who had IMD below age of 5 years. From the CRS [14] , we obtained information on country of birth of the children and their parents as well as data on mortality. To minimize effects of population stratification, we excluded children if they or 1 of their parents were born outside Scandinavia or Germany.
For cases with meningitis, we identified controls through CRS, and for cases with bacteremia, controls were obtained from the Danish Neonatal Screening Biobank (DNSB) [15] by selecting 1 of the dried blood spot (DBS) card stored adjacent to the case. Because the DBS cards are stored according to sample date, controls could thereby be matched on sex and age. We also required that controls and their parents were born in Scandinavia or Germany.
We used the risk set sampling technique (ie, the control children had to be alive and without a hospitalization with IMD at the date the corresponding case had IMD diagnosed) [16] .
Information on all hospitalizations in cases and controls was obtained from the Danish National Patient Registry [17] . Cases and controls with a hospitalization for any cause before the IMD episode were excluded, due to their possible severe comorbidity. Data 
DNA Extraction and Genotyping
We obtained access to DNA from IMD patients and the healthy controls by using archived residual blood samples from the DNSB, which contains dried blood samples collected from almost every Dane born after 1981 as a part of the neonatal screening program [18] . Procured samples are stored in the DNSB [15, 19] . For the current study, DNA extraction and genome amplification were performed by the Department of Clinical Biochemistry at SSI, as previously described [18] . In brief, two 3.2 mm discs were punched from each DBS sample. Genomic DNA was extracted using the Extract-N-Amp kit (Sigma-Aldrich). To attenuate possible unequal amplification of alleles, whole-genome amplification (WGA) was carried out in triplicate using the REPLI-g mini kit (QIAGEN) and pooled after completed WGA.
Three single-nucleotide polymorphisms (SNPs) in exon 1 (variant B, rs1800450; variant C, rs1800451; and variant D, rs5030737) and 1 promoter SNP (rs7096206) in the MBL2 gene were genotyped.
Individuals with MBL deficiency are homozygous (or compound heterozygous, ie, having 2 heterogeneous polymorphisms) for any of the 3 structural polymorphisms in exon 1 of the MBL2 gene, and these genotypes are strongly correlated with undetectable levels of MBL in plasma; individuals that are homozygous for the variant promotor SNP or with 1 polymorphism in exon 1 have reduced plasma MBL concentrations, as previously described [20] . For exon 1 SNPs, the wild-type allele is denoted A. The B, C, and D variants are pooled and given the designation "O," ie, 1 wild-type haplotype combined with 1 SNP in B, C, or D is denoted A/O. Homozygosity and compound heterozygosity are denoted O/O (YO/YO). The promoter SNP is expressed as X/Y, where Y is the wild-type allele [20] .
An overview of diplotypes (haplotype pairs) is provided in Figure 1 . The functional diplotypes are known to correspond to MBL serum concentrations and can be divided into 3 groups: normal (YA/YA, YA/XA), intermediate (XA/XA, YA/YO), and deficient (XA/YO, YO/YO) [9, [21] [22] [23] .
Single-nucleotide polymorphism genotyping was performed by LGC Genomics (LGC Ltd, Teddington, Middlesex, United Kingdom) using a competitive allele-specific polymerase chain reaction [24] .
Statistical Analysis
We calculated medians and interquartile ranges (IQR) of quantitative variables, and we compared SNP frequencies in each group using χ 2 statistics. To examine a possible association between MBL2 diplotypes and IMD susceptibility and 30-and 90-day mortality, logistic regression was performed. The analyses were adjusted for sex, and results are presented as adjusted odds ratios (ORs) with 95% confidence intervals (CIs). Data were stratified for source of infection (bacteremia/meningitis), and in some analyses we made age strata and hereby tested IMD susceptibility in children younger than 24 months, younger than 12 months, and 6-18 months. Genotype equilibrium was tested applying the Hardy and Weinberg method to controls [25] . All statistical analyses were performed using Statistical Analysis Systems (SAS version 9.4, SAS institute, Cary, NC). 
Denmark Region (record no. 20060008). According to Danish
Legislation, the Research Ethics Committee can grant an exemption from obtaining informed consent for research projects based on biological material under certain circumstances, and such an exemption was granted for this study.
RESULTS
Children With Invasive Meningococcal Disease
We included 406 cases who presented with meningitis and 272 cases who presented with bacteremia. In addition, we included 673 age-and sex-matched population controls. Table 1 provides an overview of MBL2 diplotypes in each subgroup. Genotype call rates were >95%. Diplotypes were constructed for a total of 1292 children. An overview of haplotype frequencies is presented in Table 2 . Among study participants, there was a predominance of boys ( For rs7096206 (X/Y) (χ 2 = 5.24 and P = .02), HWE departed [25] .
MBL2 Diplotypes and Associations With Invasive Meningococcal Disease
MBL2 diplotype associations were tested in the meningitis and bacteremia subgroups and in the combined group (Table 1) .
Children with defective MBL2 diplotypes were not at higher risk for meningococcal meningitis than . In these analyses, genotypes were grouped as in previous studies [26] [27] [28] . In age-stratified analyses, we found no significant associations between susceptibility to IMD and MBL deficiency in children aged 6-18 months and under the age of 1 and 2 years.
MBL2 Diplotypes and Mortality
Forty-four children (6.5%) died within the first 30 days after their IMD diagnosis: 26 (6.4%) with meningitis and 18 (6.6%) with bacteremia. Forty-six (6.8%) died within the first 90 days after receiving their diagnosis. MBL2-defective diplotypes were not associated with increased 30-day mortality in meningitis cases (OR = 1.17; 95% CI, .39-3.58) or in bacteremia cases (OR = 0.62; 95% CI, .14-2.80) compared with cases with normal or intermediate diplotype. For 90-day mortality, the corresponding results were OR = 1.13 and 95% CI, .37-3.41 for meningitis and OR = 0.96 and 95% CI, .27-3.44 for bacteremia, compared with cases with normal or intermediate diplotype. 
DISCUSSION
We found no evidence that genetic variation in the MBL2 gene affected susceptibility to IMD in previously healthy children. Furthermore, there was no association between MBL2 gene variation and mortality. Our results are in line with other recent studies of MBL2 deficiency and meningococcal infection [11, 29] . However, the importance of MBL-deficiency in susceptibility to infection is still discussed, and previous studies have yielded conflicting results [11, 12, 29, 30] . A large population-based Danish study found no evidence for differences in susceptibility to infectious disease or to mortality in MBL-deficient individuals compared with population controls [10] . Darton et al [11] showed that individuals with MBL2 deficiency had higher genomic bacterial load in plasma, and particularly in children under the age of 2. However, they found no association between MBL deficiency and IMD susceptibility. In a study of 296 Caucasian cases and 5196 controls, there was no increased risk of IMD in MBL-deficient individuals [29] . In certain South American ethnic groups, more than 60% of the population is homozygous for the B variant [9] . This lends support to the hypothesis that MBL is without major importance in contemporary infections and that MBL deficiency is overcome by other immune defense systems [9] .
In a study of respiratory tract infections of different etiologies in children from West Greenland, Koch et al [13] found that MBL deficiency among children 6 to 17 months old put them at increased risk of acute respiratory infections. Likewise, Faber et al [12] reported that MBL deficiency was significantly associated with susceptibility to childhood meningococcal disease in an age-dependent manner. We were unable to confirm these findings in our population.
Earlier studies showing an association between MBL2 and susceptibility to infection differ from our study in several important aspects, including sample size, inclusion of mixed ethnic groups, of various age groups, and of children with comorbidity, as well as culture unconfirmed IMD diagnosis based on clinical symptoms [12, 30] .
An increased incidence of infectious disease may be seen in immunocompromised individuals who are also MBL deficient [31, 32] , eg, in individuals with common variable immunodeficiency [33] . We only included children without previous hospitalizations to avoid inclusion of participants with severe comorbidities. Yet, the assumption that children without previous hospitalizations are healthy may not be correct. This could be a potential limitation in our study, and this assumption may have resulted in a potential underestimation of MBL deficiency's impact on susceptibility to IMD.
However, the frequency of MBL2 diplotype variants in cases and controls in our study corresponded well with previously described distributions in the Danish population [10, 31] .
We assume that members of our study population consisted of individuals of North European origin, based on the birthplace of the children and their parents. Although in a Danish setting, the vast majority of the children are likely Caucasian, and different ancestry could have induced a systematic difference in allele frequencies between cases and controls, but this is unlikely due to the results in this study. All but 1 of the SNPs were in HWE, and this does not suggest ethnic heterogeneity either. We chose to include the single SNP that departed from HWE to enable construction of MBL diplotypes.
We found no significant associations between MBL2 diplotypes and mortality; however, these estimates were limited by a low statistical power expressed as wide CIs.
CONCLUSIONS
In conclusion, we conducted one of the larger studies on MBL2 deficiency in previously healthy children and their matched controls, and we did not find any association with susceptibility to IMD.
